Previous studies indicated that calcitonin (CT), a peptide hormone involved in calcium (Ca 2؉ ) homeostasis, is transiently induced by steroid hormone progesterone (P) in the uterine epithelia of the rat and human within the window of implantation. Targeted disruption of uterine CT expression markedly impaired implantation in the rat. To gain insight into the molecular events underlying CT action in the endometrium, we performed gene expression profiling in response to CT in a human endometrial adenocarcinoma cell line, Ishikawa. We identified the gene encoding tissue tranglutaminase type II (tTGase), which participates in Ca 2؉ -dependent, protein-protein cross-linking, as a downstream target of CT. Interestingly, addition of P alone to Ishikawa cells led to a marked induction in the level of both CT and tTGase, indicating the existence of a pathway involving P receptors, CT, and tTGase in these cells. Other studies revealed that regulation of the tTGase gene by CT occurs via its cell surface receptor and uses both cAMP and Ca 2؉ signaling pathways. We also noted that tTGase protein is expressed in human endometrium during the P-dominated midsecretory phase of the menstrual cycle, and it is localized at the basal membrane of glandular epithelium and the surrounding stroma. The spatio-temporal expression of tTGase in human endometrium during the cycle closely overlapped with that of CT. In summary, we have uncovered a novel steroid-regulated signaling cascade in which P induces CT, which, in turn, induces tTGase and potentially plays a critical role in the human endometrium during implantation. (Endocrinology 147: 2147-2154, 2006) 
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T HE PROCESS OF implantation involves complex inter-
actions between the embryo and the endometrium. In human and rodents, the uterus can accept the blastocyst to implant for only a brief period, known as the receptive phase (1, 2) . It is generally believed that the morphological and physiological alterations of the endometrium, leading to acquisition of the receptive phase of the uterus, is regulated by a complex interplay of a variety of effectors, including steroid hormones, growth factors, and cytokines (3, 4) . The precise molecular mechanism by which these effectors promote uterine receptivity, however, remains unknown.
Calcitonin (CT), a peptide hormone, is known to regulate calcium homeostasis in bone and kidney (5) (6) (7) . Our previous studies indicated that in response to progesterone (P), CT is induced transiently in the receptive rat endometrial epithelium within the window of implantation (8, 9) . This burst of CT expression during implantation was linked to a marked reduction in the expression of E-cadherin, a calcium-dependent cell adhesion molecule. This finding led to the idea that down-regulation of E-cadherin by CT may result in the disorganization of adherens junctions between uterine epithelial cells, facilitating trophoblast invasion (10) . Most importantly, suppression of the steady-state level of the CT mRNA in the preimplantation rat uterus by antisense oligodeoxynucleotides resulted in a marked reduction in the number of implanted embryos, strongly suggesting that CT expression in the preimplantation rat uterus is critical for blastocyst implantation (11) . Our previous studies also reported that CT is expressed in the human endometrium during the menstrual cycle. This expression was regulated by P and occurred within the midsecretory phase, overlapping the putative window of implantation (12) .
Although P regulation and implantation stage-specific expression of CT are conserved between the rat and the human, the molecular pathways that mediate the effects of CT in the endometrium have not been explored. It is known that in tissues such as bone and kidney, CT acts via its cell surface receptor (CTR) to alter gene expression patterns (13) . It is, therefore, conceivable that CT signaling through its receptors on uterine cells influences the expression of genes that regulate the implantation process. Our previous studies showed that the regulation of E-cadherin expression in endometrial tissue is faithfully reproduced in Ishikawa cells, which contains abundant cell surface CTR (10) . Binding of CT to its receptor led to a transient increase in intracellular calcium levels in these cells, indicating that the fundamental components of the CT signaling pathway are intact (10) . Ishikawa, therefore, is a convenient model system to investigate alterations in gene expression patterns downstream of CT signaling in the endometrium.
In the current study, we employed oligonucleotide microarrays to identify genes whose expression is markedly altered in response to CT in Ishikawa cells. We report here that the expression of the gene encoding tissue tranglutaminase type II (tTGase), an enzyme that catalyzes calciumdependent covalent cross-linking of proteins, is induced by P or CT in these cells. Furthermore, the observation that both CT and tTGase are expressed in P-dominated midsecretory endometrium within the putative window of implantation suggests that tTGase is likely to be an important downstream mediator of the biological effects of P and CT in the receptive human uterus.
Materials and Methods Reagents
Salmon CT, CT gene-related peptide (CGRP), and CGRP antagonist 8 -37 were purchased from Peninsula Laboratories (Belmont, CA). Mouse monoclonal antibody against human tTGase II Ab-3 (clone CUB7402ϩTG100) was purchased from NeoMarker (Fremont, CA). FITC-goat antimouse IgG (HϩL) was purchased from Zymed Laboratories, Inc. (San Francisco, CA). H89 and calphostin C, the specific inhibitors of protein kinase A (PKA) and protein kinase C (PKC), respectively, were purchased from Calbiochem-Novabiochem Corp. (La Jolla, CA). 1,2-Bis(2-aminophenoxy)ethane-N,N,NЈ,NЈ-tetraacetic acid acetoxymethyl ester (BAPTA/AM), an intracellular calcium chelator, was purchased from Sigma-Aldrich Corp. (St. Louis, MO).
Cell culture
Ishikawa endometrial adenocarcinoma cells were maintained in DMEM (Invitrogen Life Technologies, Inc., Grand Island, NY) supplemented with 5% fetal bovine serum (HyClone Laboratories, Inc., Logan, UT). Cells (5 ϫ 10 5 ) were plated on 10-cm tissue culture dishes in phenol red-free medium containing 5% charcoal-stripped serum. The cells were grown to 70% confluence and transferred to serum-free medium for 24 h before treatment with 10 nm CT. Cells were harvested at different time points after CT treatment, and RNA was isolated for Northern blot analysis. Cells were also treated with P or CT alone or in combination with RU486 and harvested for isolation of RNA. For certain experiments, cells were also treated with 100 nm CGRP or CGRP antagonist 8 -37 for 24 h. In other experiments, cells were pretreated with 2 m H89, 250 nm calphostin C, and 33.3 m BAPTA/AM for 1 h before the addition of CT.
Endometrial tissue
Human endometrial tissues were obtained as part of endometrial curettage from healthy, nonpregnant females between the ages of 25 and 40 yr before elective sterilization with informed consent. These tissues were obtained in accordance with the rules and regulations of the institution. After approval of the institutional review board at Nassau County Medical Center, endometrial tissues were transported to the laboratory in Hanks' balanced salt solution on ice. Tissues were then snap-frozen in liquid nitrogen and stored at Ϫ70 C until further use. Endometrial tissues were classified according to serum levels of estradiol and P, and dating was performed based on the criteria described by Noyes et al. (14) .
GeneChip analysis
For microarray analysis, RNA samples were processed and analyzed using human Affymetrix GeneChips (HGU95A) following the Affymetrix protocol as described previously (15) .
Northern blot analysis
Northern blot analysis was performed as described previously (10, 16) . Hybridization was carried out using 32 P-labeled human tTGase and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) probes.
Immunofluorescence
Ishikawa cells were grown in calcium-containing DMEM to 60 -70% confluence. Cells were then treated with either 10 nm CT or vehicle.
Twenty-four hours after treatment with CT, cells were fixed with 4% paraformaldehyde and permeated with or without 0.2% Triton X-100 in PBS. After blocking with 10% nonimmune serum, distribution of tTGase was examined by immunofluorescence using a monoclonal antibody that specifically recognizes human tTGase. Signal was visualized under UV light by confocal microscope.
Immunohistochemistry
Frozen uteri were sectioned at 7 m, mounted on slides, then fixed in 4% formaldehyde in PBS. Sections were washed, then incubated for 30 min in a blocking solution containing 10% normal goat serum before incubation in mouse monoclonal antihuman tTGase antibody (1 g/ml) overnight at 4 C. Immunostaining was performed using a streptavidinbiotin kit for mouse primary antibody (Zymed Laboratories, Inc.) and the 3-amino-9-ethylcarbazole chromogen. Sections were counterstained with hematoxylin, mounted, and examined under bright field.
RT and quantitative real-time PCR (qPCR)
Endometrial RNA (5 g) was subjected to cDNA synthesis using the StrataScript First-Strand Synthesis System (Stratagene, La Jolla, CA). The cDNA templates were diluted 10-fold, and the expression levels of human CT and tTGase were determined by SYBR Green-based qPCR analysis system (Applied Biosystems, Warrington, UK). The primer sequences for calcitonin were CAGATCTAAGCGGTGCGGTAATC and GACATCTCTGGGGGACTCAAAG; those for tTGase were CGTGTAC-CTAGATTCAGAGGC and CATACTTCACTTGCTGACAGC; and those for GAPDH were GGAAGCTTGTCATCAATGG and CGATAC-CAAAGTTGTCATGG, respectively. The analysis was carried out using the ABI PRISM 7000 Sequence Detection System (Applied Biosystems). The parameters for the amplification program were as follows: 50 C for 2 min for one cycle, 95 C for 10 min for one cycle, 95 C for 15 sec, followed by 60 C for 1 min for 40 cycles. Triplicate reactions were carried out for each sample. The expression levels of CT and tTGase were normalized to that of GAPDH.
Results

Identification of tTGase as a CT-regulated gene in Ishikawa cells
To examine global changes in mRNA expression profiles in response to CT, Ishikawa cells were treated with this hormone or vehicle for 24 h. Total RNA was isolated and subjected to microarray analysis as described in Materials and Methods. We identified several known genes, including Ecadherin, whose expression altered significantly (2-fold or more) in Ishikawa cells in response to CT. Among these, tTGase encoded by the TGM2 gene exhibited the maximal alteration in expression (ϳ7-fold induction).
To verify the results of our microarray analysis, total RNA obtained from Ishikawa cells treated with or without CT for 24 h was subjected to Northern blot analysis using a cDNA probe corresponding to tTGase. As shown in Fig. 1A , upper panel, the expression of a 1.9-kb transcript encoding tTGase was significantly induced in response to CT. Hybridization of the same blot with a control probe corresponding to GAPDH indicated equal loading of RNA in both lanes. The results of Northern blot analysis, therefore, showed that the expression of tTGase is indeed induced by CT in Ishikawa cells.
We next examined the time course of CT regulation of tTGase expression in Ishikawa cells. As shown in Fig. 1B , tTGase mRNA was low or undetectable at 0 -6 h of CT treatment. A marked induction of tTGase mRNA was observed, however, after 12 h of CT treatment (Fig. 1B, lane 5) .
The level of this mRNA increased at 24 h after CT administration (Fig. 1B, lane 6) .
Expression of tTGase protein in Ishikawa cells
Depending upon the cell types, tTGase is localized within the cytoplasm or at the plasma membrane (17) (18) (19) (20) . We, therefore, investigated the cellular distribution of tTGase protein in Ishikawa cells. These cells were grown to 60 -70% confluence, treated with CT or vehicle for 24 h, then subjected to immunofluorescence using an antibody against tTGase. No immunostaining of tTGase protein was detected in the vehicle-treated cells (Fig. 2, A and C) . Treatment of these cells with CT, on the other hand, led to a marked induction of tTGase protein expression. The immunostaining was localized within the cytosolic compartment as well as on the cell surface (Fig. 2, B and D) .
Regulation of CT and tTGase expression by P
Because CT expression is regulated by P-complexed PR in the glandular epithelial cells of human endometrium, we examined whether CT is induced in response to P in Ishikawa cells, and this, in turn, influences the synthesis of tTGase. Cells were treated with vehicle, P, and CT in the absence or presence of RU486, an antiprogestin, for 24 h. The expression profiles of CT and tTGase mRNAs were then analyzed using quantitative PCR. As shown in Fig. 3 , addition of P to Ishikawa cells led to a marked induction of CT and tTGase mRNAs. The P-mediated induction of these mRNAs was inhibited when cells were treated with RU486, indicating clearly that CT and tTGase genes are expressed downstream of PR. Addition of CT alone to Ishikawa cells induced tTGase mRNA, as expected. However, this CT-mediated induction of tTGase mRNA was not compromised in the presence of RU486 (Fig. 3) . Collectively, these results indicated that P/PR induces the expression of CT, which, in turn, regulates the expression of tTGase in Ishikawa cells.
Induction of tTGase expression by CT is dependent on CTRmediated signaling
We next examined the role of cell surface CTRs in CTmediated induction of tTGase expression in Ishikawa cells. For this purpose, cells were treated with either CT or CGRP. Although treatment of the cells with CT led to tTGase expression (Fig. 4B ), similar treatment with CGRP, which does not bind to CTR, failed to induce tTGase expression in Ishikawa cells (Fig. 4C) . Interestingly, when Ishikawa cells were treated with a mutant CGRP-(8 -37), which binds to and functions as an agonist of CTR (21), the tTGase expression level was markedly enhanced (Fig. 4D) , indicating that the regulation of tTGase expression by CT is initiated upon binding of this hormone to CTRs on target cells.
CT regulates tTGase expression via PKA and calcium signaling pathways
CTR is a seven-transmembrane G protein-coupled receptor (22) . Depending upon target cells, CTR couples to multiple hetrotrimeric G proteins, leading to the activation of adenylyl cyclase and/or phospholipase C pathways (23) (24) (25) . It is known that cAMP produced by the activation of adenylyl cyclase turns on PKA and its downstream pathways, which may regulate gene expression. In contrast, activation of phospholipase C leads to the release of calcium from intracellular stores. The intracellular rise in calcium may alter gene expression via activation of PKC or another kinase pathway. Indeed, our previous studies showed that binding of CT to its receptors on Ishikawa cells leads to a transient rise in intracellular calcium, which then regulates the expression of the E-cadherin gene (10) . In this study we investigated whether CT-mediated regulation of the tTGase gene in Ishikawa cells involves the participation of cAMP and/or calcium signaling pathways.
We analyzed the effects of specific inhibitors of PKA (H89) and PKC (calphostin C) and of intracellular calcium chelator (BAPTA/AM) on the expression of tTGase in Ishikawa cells. The cells were treated with vehicle (Fig. 5, lane 1 (Fig. 6C) or BAPTA/AM (Fig. 6E) . These results suggested that a rise in both intracellular cAMP and calcium is required for CT-mediated expression of tTGase. In contrast, calphostin C had no significant effect on the expression of tTGase mRNA (Fig. 5, lane  4) , or tTGase protein (Fig. 6D) , indicating that the intracellular calcium signaling that regulates the expression of this gene does not proceed through activation of PKC.
Temporal profile of tTGase protein expression in human endometrium closely follows that of CT
Because we have identified tTGase as a downstream target of CT in Ishikawa cells, it is of interest to compare its expression profile to that of CT in the endometrial tissue. To test this possibility, we isolated total RNA from human endo- Ϫ7 M P (column P), 10 Ϫ8 M CT (column CT), P with 10 Ϫ5 M RU486 (column PϩRU), or CT with 10 Ϫ5 M RU486 (column CTϩRU). Twenty-four hours after treatment with ligands, cells were harvested, and mRNA was isolated and subjected to qPCR analysis employing CT-or tTGase-specific primers. The xaxis corresponds to hormonal treatments, and the y-axis represents fold change in the expression level of CT and tTGase after normalization with the GAPDH signal. Fold changes were calculated by comparing the normalized expression levels of CT and tTGase to the vehicle-treated sample. The bars in the column represent the SEM. metrial biopsies representing proliferating, midsecretory, and late secretory phases of the menstrual cycle. We then analyzed the expression of CT and tTGase mRNAs in these tissues using quantitative PCR. As shown in Fig. 7 , the temporal expression profile of tTGase mRNA in human endometrium during the menstrual cycle closely overlapped that of CT, its potential inducer in this tissue.
tTGase protein is localized in the basal membrane of glandular epithelium and stromal cells in human endometrium
To identify the site(s) of tTGase protein expression in the human endometrium, we performed immunocytochemical staining of sections of endometrial biopsies at mid-(d 20) and late (d 28) secretory stages of the menstrual cycle using an antibody against human tTGase. As shown in Fig. 8, A and B, sections of an endometrial sample in the midsecretory phase of the menstrual cycle exhibited strong tTGase-specific staining.
This staining was predominantly present in the basal membrane of the glandular epithelium and the surrounding stromal cells. Control sections of the same endometrial tissue sample showed no immunoreactivity when incubated with preimmune serum, indicating the specificity of the immunostaining (Fig. 8, E and F) . The tTGase-specific staining declined in the endometrium during the late secretory phase of the cycle (Fig.  8, C and D) . Collectively, these results are consistent with our hypothesis that CT, which is secreted by the glandular epithelium of midsecretory phase human endometrium, controls the expression of tTGase in glandular and stromal cells in an autocrine or paracrine manner.
Discussion
We previously reported that the expression of CT is induced in the uterine epithelium of species as diverse as rats and humans within the window of implantation (8, 9, 12) . Our studies also suggested that CT secreted into rat uterine lumen at the time of implantation regulates blastocyst implantation in a paracrine manner (9) . Based on these results, it was postulated that binding of CT to the CTRs that exist on target endometrial cells sets in motion a signaling pathway that eventually triggers the expression of a unique set of genes that control a variety of cellular functions during implantation. In support of this concept, we observed that CT down-regulates the expression of the E-cadherin gene in the surface epithelium, thereby regulating the interaction of the trophoblast with epithelial cells (10) . In the present study, microarray analysis revealed that in addition to E-cadherin, CT treatment leads to a marked alteration in gene expression of tTGase in Ishikawa cells, thereby identifying this gene as a novel downstream target of CT. Our studies have uncovered a chain of events linking PR activation, CT expression, and tTGase induction in Ishikawa cells. We have previously shown that P regulates CT expression in the endometrial tissue (12) . We now recapitulate this regulation in a relevant cell culture system and also show that P regulates the expression of tTGase, the downstream target of CT.
Our results are consistent with a previous report that P induces tTGase expression in a primary culture of human endometrial cells (26) . The induction of tTGase mRNA occurred within 6 h after the addition of P to the culture. It was, however, unclear whether this gene induction by P was due to a direct regulation of transcription of tTGase gene by the activated P receptors (PRs) or occurred through a mediator molecule induced by P. In the present study we used a PR antagonist, RU486, to establish that P acting through PRs induces CT expression in Ishikawa cells, and CT then acts as the inducer of tTGase. Although RU486 also exhibits antiglucocorticoid activity, it is unlikely that tTGase expression in Ishikawa cells is regulated by cortisol. This is based on the observation that the addition of P alone to Ishikawa cells leads to tTGase expression. Furthermore, the induction of tTGase in these cells in response to exogenous CT is not significantly inhibited by RU486. CT, therefore, emerges as a likely mediator of P effects on tTGase expression. Based on our data we, therefore, propose that the P-mediated production of CT drives tTGase expression in epithelial and stromal cells within endometrial tissue. We investigated the pathways initiated by CT that lead to alteration in tTGase gene expression in these cells. Previous studies using cultured bone and kidney cells have shown that CTR, a G protein-coupled receptor, signals via heterotrimeric G proteins and activates either the adenyl cyclase and/or the phospholipase C pathways (23) (24) (25) . The activation of adenyl cyclase elicits a transient rise in intracellular cAMP, which then activates cAMP-dependent protein kinase (PKA). Activated phospholipase C in contrast, catalyzes phosphatidylinositol diphosphate to produce the second messengers, diacylglycerol and inositol triphosphate. Diacylglycerol activates the PKC signaling pathway, whereas inositol triphosphate binds to calcium channel proteins on endoplasmic reticulum and releases calcium from intracellular stores. As the intracellular calcium level rises in response to CT, one or more calcium-sensitive signal transduction cascades, including PKC, calmodulin-dependent kinases, and MAPKs, are likely to be activated (27) . Depending upon the target cells, these signaling pathways interact synergistically or in an antagonistic manner to modulate target gene expression (28 -30) .
In Ishikawa cells, the analysis of tTGase expression indicated the involvement of multiple signaling schemes initiated by the binding of CT to its cell surface receptor. We observed that both PKA and calcium-mediated signaling pathways are critical for CT-dependent expression of this gene. The inhibition of the PKA signaling pathway or blockade of the elevation in intracellular calcium by BAPTA-AM prevented the induction of tTGase expression by CT. In contrast, inhibition of PKC did not have any effect on CT-mediated gene expression. Clearly, a cooperative interaction between CT-induced PKA and calcium signaling pathways is essential for tTGase gene expression in Ishikawa cells. The mechanism by which these two pathways converge at the regulatory regions of the tTGase gene in Ishikawa cells remains to be determined.
Although we have identified tTGase as a downstream target of CT in Ishikawa cells, an important question is whether CT acts as an inducer of this gene in endometrial tissue. If this is true, one would predict that the expression profiles of these two molecules would temporally coincide. Indeed, maximal expression of tTGase occurred during the midsecretory phase of the menstrual cycle, when CT expression is at its highest. The observed pattern of tTGase expression in human endometrium is also consistent with an earlier study that reported a 10-fold higher enzymatic activity of tTGase in human endometrium during the midsecretory phase compared with other phases of the menstrual cycle (31) . We observed that the expression of tTGase in endometrial tissue was restricted to the basal membrane of the glandular epithelium and surrounding stromal cells. Although this pattern of expression is consistent with the scenario that CT secreted by the glandular epithelium acts on epithelial and stromal cells to induce tTGase expression, additional studies involving primary cultures of human endometrial cells are necessary to establish this hypothesis.
One can envision a number of ways in which tTGase may function in human endometrium during implantation. A hallmark of the transglutaminase enzymes, of which there are eight encoded by the human genome, is their ability to catalyze the rapid generation of covalent cross-linking between proteins in a calcium-dependent manner (32) . Various transglutaminase enzymes have been implicated in the generation of supramolecular protein assemblies that are important for biological processes, such as blood coagulation, creation of the fertilization envelope, and formation of extracellular matrix (32) . Although the primary function of these enzymes was originally thought to be this cross-linking activity, other specialized noncatalytic actions of these proteins have also come to light. Particularly for tTGase, these actions may include modulation of cytoskeletal structure, cell adhesion, and signal transduction (18 -20) . It is believed that the cell surface tTGase functions as a novel integrin coreceptor to promote cell attachment, spreading, and migration in diverse tissues (18 -20) . Clearly, one or more of these cellular activities are likely to play a critical role in the implantation process. Previous studies reported that elevated tTGase expression and enzymatic activity in a number of cell types inhibit proliferation and are accompanied by cell differentiation (33) . Consistent with this proposed role, a study by Fujimoto et al. (26) , using tTGase inhibitors and antisense oligonucleotides directed against tTGase mRNA, reported that the expression of tTGase is required for Pinduced decidualization of human endometrial stromal cells. Although the results obtained from Ishikawa cells may not faithfully reflect all the events that occur in normal endometrium, our study provides an important link between the known biological actions of P in the uterus during implantation to the expression of tTGase in this tissue. Future studies will determine whether CT-induced tTGase controls critical uterine functions during implantation.
